Four types of alloys were investigated from the viewpoint of effect of composition and casting technic on the microstructure and mechanical properties. The microstructures are shown and correlated with the mechanical properties.
Changes in the properties of cobalt-base alloys have been investigated from many points of view,1-4 but basic reasons for these changes have not been considered in any depth. Many variables are involved, and the relationships between the variables are closely interconnected. Some of the variables that have been studied are casting technicsj4 amounts of elements present,5'6 and investments used.7
In this report, various alloys are considered which are used both in dentistry and in industry. A great many alloying agents have been added to the basic Co-Cr combination, and the percentage has been varied within wide limits. However, without corresponding control of the casting technics, the effects of these alloying additions are obscured. In this investigation, the casting procedure was held constant and the microstructures of four alloy types were analyzed from the viewpoint of basic metallurgical considerations such as grain size, occurrence and distribution of carbides and other phases, and reaction to the various etching technics. The mechanical properties of the alloys were obtained also, and their relationship with the microstructure was analyzed.
Materials and Methods
The basic 60% cobalt and 25% chromium alloy, classified as Type I (alloys A* and Bt) in this investigation, has been used in dentistry for many years and has had its counterpart in industrial alloys. A whole spectrum of alloys has been developed from this basic composition, each using one or more alloying additions to obtain a particular range of properties. These additions constitute Type Compositions of the alloys studied are given in Table 1 . In some instances, only an indication of the composition could be obtained. For the purpose of comparison, Table  2 presents the properties that are considered representative for these alloys.
The samples were waxed up and invested was not identical with that found in the actual dental casting. However, because a uniform and reproducible shape must be used for comparing properties, low magnification was chosen to give an idea of the grain size and high magnification to give the detail of the phases. Since the grain size varied within each alloy, the determination of the size was approximate (Table 4 ). In general, except for the stainless steel alloys, the grain size was large for each alloy. Figure 2 shows the microstructures of the Type I alloys. Figure 3 shows the microstructures of the Type II alloys. Alloy H could not be etched suitably with any known etching reagent, so the microstructure could not be compared with the others (Fig 3f) . The microstructures of the Type III alloys are shown (Fig 4) . The only characteristic compared was the grain size, which was smaller than that of the Co-Cr alloys. Both of these alloys were tested in the as-cast condition, whereas normally they would be heat-treated. The microstructures of the Type IV alloys are shown (Fig 5) . Care had to be taken in etching alloy H, or artifacts (Fig 5c) would give a misleading microstructure. Discussion
The purpose of this investigation was to survey a number of alloys that possibly could be used for making partial denture castings. The casting technic was held as nearly constant as possible to give a base for further evaluation. For this reason, the mechanical properties varied (considerably in some instances) from the values usually reported. In industrial practice, each alloy is cast to give optimum properties; the melting time, atmosphere, and casting technic vary for each alloy. The form of the sample also varies, as does the testing procedure. A comparison of data (Tables 2, 4) demonstrates the influence of the casting technic and the various aspects of testing on the properties of the finished casting.
Columns 2 and 3 in Table 4 show the castability of each alloy for the specified procedure. For some alloys, such as alloys G and H, the proportion is high. For others, such as alloy C, the proportion of usable casting points is quite low. A comparison of the results for alloy A, cast in an air or an inert (argon) atmosphere, shows the dependence of the results on variables in the procedure.
In Type I alloys, the microstructure of the alloy A samples shows that the grains are large and that the carbides are large and dispersed. For alloy B, the grain size is also large; however, the carbides are much smaller. In Figure 2c , the pearlite is shown to be precipitated at the grain boundary. The presence of massive carbides (pearlite) lowers the ductility of the alloy.
The values for elongation in this type of alloy are higher in Table 2 than in Table 4 Figures 2c and 3b .
In the Type II alloys, the effects of the alloying additions on the general microstructure typified in the Type I alloys were demonstrated. Alloy C (Fig 3a-c) had smaller grain size than alloy A, which was probably due to the addition of gallium. Gallium, which has a low melting point, made the cooling rate more critical in this alloy.
In the experimental alloy, D, the addition of zirconium and boron raised the melting temperature of the alloy, which caused carbides to be dispersed and distributed within the grain rather than precipitated at the boundaries. The elongation values were considerably higher for alloy D due to the addition of these elements; however, the tensile strengths were the lowest of all the alloys tested. Again, the grain size was smaller than that of the Type I alloys. Alloy D was quite soft; consequently, polishing was difficult because the surface tended to smear. Etching of the alloy therefore also was difficult, and the resultant microstructure was harder to interpret.
Alloy E, which had beryllium as an additive, had values similar to, although lower than, those of alloy D.
The microstructure of Type III alloys (Fig  4) was a different type. The elongation values of alloy G were much higher than those of alloy F, although the tensile strength was much higher for alloy F.
In alloy H, cobalt was replaced by nickel and a small amount of aluminum is added, and the mechanical properties were thereby improved. In contrast to an earlier version (alloy E), this alloy is etchable.
Although the composition of alloy I was intermediate to the basic Co-Cr alloys and the stainless steels, the microstructure resembled that of the Co-Cr alloys. Here, again, the alloy etching was similar to that of alloy D (Fig 3e, 5e) . By the method used, the properties of alloy I were poor.
The microstructures of some of these alloys have not been discussed in the literature. The etching technics are critical. A great deal of effort was spent trying to determine the microstructure of alloy E, but microstructure that seemed representative of the alloy was not found.
Conclusions Preliminary results show that a wide range of alloys can be considered for making partial denture castings. The grain size of all the alloys was large. The microstructure varied, and these differences correlated with differences in the mechanical properties. In some instances, these properties were not the same as those reported by the manufacturers and by other sources, because the casting technic was not optimum for each alloy. Further work is planned to determine which variables in the casting procedure are significant and which alloys can most easily be adapted to a dental procedure.
